An accurate evaluation of daylight distribution through advanced fenestration systems (complex glazing, solar shading systems) requires the knowledge of their Bidirectional light Transmission Distribution Function (BT DF ). An innovative equipment for the experimental assessment of these bi-directional functions has been developed, based on a digital imaging detection system. An extensive set of BT DF measurements was performed with this goniophotometer on venetian blinds presenting curved slats with a mirror coating on the upper side.
Introduction
To optimize the use and design of advanced fenestration systems, and thus efficiently control solar gain and daylighting through windows, there is a need for detailed knowledge of their optical properties. As their variation with the angle of incidence often proves to be critical, such properties should be assessed taking both the incident and emerging directions into account, i.e. according to bidirectional measurements (BT DF s, BRDF s), that are performed with a goniophotometer.
As shown by the work presented in M. Andersen et al. (2003) , the validation of these data lacks absolute standards on full-scale systems, and ray-tracing calculations thus provide a useful and objective point of comparison for validating BT(R)DF data in a roundabout approach. Furthermore, computational meth-ods prove to be a valuable tool for parametric studies, and their combination with experimental methods, restricting the latter to the optical properties assessment of unknown coatings or materials only, will greatly increase flexibility and efficiency.
Comparisons between different assessment methods for the optical performances of glazing or shading systems have been realized in various ways, such as: to test a new ray-tracing approach for thermal radiation assessment (N.S. Campbell, 1998) or prismatic panels performances (R. Compagnon, 1994) ; to determine the daylight distribution inside a room and compare RADIANCE calculations with test office measurements (C.F. Reinhart and O. Walkenhorst, 2001 ); for developing an angle-dependent Solar Heat Gain Coefficient evaluation procedure and comparing measurements either to ray-tracing results obtained with the software OptiCAD (T.E. Kuhn et al., 2001) or to matrix layer calculations (J.H. Klems et al., 1997) ; to compare goniophotometric data with results provided by an analytic model (J. Breitenbach et al., 2001 ; J.L.J. Rosenfeld, 1996) . However, the quantity considered for these comparative studies remained the directional-hemispherical transmittance, which represents the global light transmittance, and as such integrates the associated bidirectional function over the emerging space. After the comparative study made by P. Apian-Bennewitz (1995) on polymers and aerogels, M. Andersen et al. (2003) thus appears as the first extensive comparison of detailed experimental BT DF data with raytracing calculations for an advanced glazing system, namely prismatic panels. This paper goes further in this prospect, by choosing a venetian blind as study case, and consequently increasing the model complexity, as it presents geometric and coating properties less easily modeled than an acrylic prism with macroscopic grating. Similar comparisons had actually been attempted before for a venetian blind (R. McCluney and J. Sung, 1999) , bidirectional measurements made at LBNL (K.M. Papamichael et al., 1988) Andersen, 2002) .
Characteristics and modeling of venetian blinds
The venetian blind considered in this study is shown on Figure 1 . As detailed in section 2.2, the mirror coating makes the concave upper slat side a very specular surface, whereas the stone grey paint presents quasi-lambertian diffuse properties (see section 2.2). These features increase the interest of analyzing such a system, as the numerous inter-reflections undergone by the incident light rays consist of a combination of very different reflection types.
Before modeling a system with a ray-tracing tool, its geometric and coating characteristics have to be precisely and fully known, in order to be implemented properly in the model.
Geometric properties
The slat's geometric properties were determined with micrometric measurement tools. The obtained dimensions are given in Figure 2 ; the radius of curvature R slat , deduced from the slat's thickness ξ, width l slat and curvature amplitude e slat , was found equal to 96.9 mm.
Through a combination of subtractions and intersections of primitive solids ( Fig. 3(a) ), a virtual element presenting the same features was created in
TracePro , and its edges were thereafter rounded to avoid aberrant ray
paths.
An arrangement of 7 of these individual slats was then created according to the measured positions of the physical ones on the sample holder; as far as the modeling of the 45 • tilt configuration is concerned, the slats' rotation axes were defined taking the dimensions of the mechanical revolving system into account. The obtained venetian blind model is represented on Figure 3 (b) for this configuration.
Mirror and paint coatings
The assessment of the reflective properties of the slats' paint and mirror coatings was achieved at LBNL using the Perkin-Elmer Lambda 19 spectrophotometer with an integrating sphere accessory. The reflectance was measured for normal incidence every 5 nm between 300 and 2500 nm on both sides, and the obtained spectra were corrected with the known reflectance of a calibrated diffuse reflectance standard made of Spectralon. Photopic averages were then taken using the D65 source and CIE 1931 2-degrees observer functions (CIE, 1932) ; the resulting visible (photopic) total reflectances were 28.6% and 83.7%
for the paint and mirror surfaces respectively.
The obtained spectra are shown on Figure 4 over the complete wavelength interval; their approximation with 50 nm wavelength steps was used for implementing the spectral reflective properties of the coatings into the ray-tracing tool.
For both coatings, the reflectance was measured with and without a light trap to collect the specularly reflected beam. For the paint surface, the scans were almost identical, which means that the reflectance is very diffuse; for the mirror, the scan with light trap was almost zero at all visible wavelengths, showing that it presents highly specular properties. In addition to that, the paint surface value was checked with a different apparatus Minolta for assessing the color coordinates and reflectance of diffuse surfaces) and the results were found to be very close (difference of 3%). When creating the coatings files for TracePro , only a slight (∼2%) relative specular component was thus added over the whole spectrum for the paint surface, and likewise a scattering component for the mirror, otherwise considered respectively perfectly lambertian and specular.
Virtual goniophotometer copy
The experimental assessment method is described in M. Andersen et al. (2001) and illustrated by Figure 5 (a): instead of being scanned by moving a sensor from point to point, the light flux emerging from the investigated sample is collected by a diffusing flat screen, at which a calibrated Charge-Coupled Device (CCD) camera is aiming, used as a multiple-points luminance-meter.
To cover all possible emerging directions (2π steradian), the camera and the screen perform rotations of a 60 • the angular grid for BT DF averaging here corresponded to ∆θ 2 and ∆φ 2 intervals equal to 10
• and 15
• respectively, in order to fit the one adopted for the measurements; the detection screens models have thus been altered accordingly, as illustrated in Figure 7 (a)
• the sample diaphragm diameter was set to 15 cm, also to be coherent with the actual measurement conditions
• as the rays undergo diffuse reflectances, the flux threshold (fractional value of starting flux for which a ray will be terminated) was lowered to 0.1% in order to keep sufficient track of the scattered rays for a reliable BT DF estimation.
The venetian blind's BT DF was determined experimentally for a set of 23 different incident directions for two slats arrangements, horizontal (0
and oblique (45 • tilt), amongst which 10 were selected for comparisons to simulations for the 0 • slats and 5 for the 45 • slats: for the 0 • slats tilt configuration, these incident directions were (0 The considered quantitative output in simulation is the total photometric flux collected by each angular sector on the projection screens, summed up according to V (λ) for all traced wavelengths. Dividing each of these individual fluxes by the incident flux to get the normalized fluxes Φ 2norm (θ 2 , φ 2 ) (%), one can calculate the corresponding BT DF values through Equation (1) (M. Andersen et al., 2003) :
where the angular intervals ∆θ 2 and ∆φ 2 are here expressed in radians.
A ray-tracing plot example is displayed on 
Results comparison
Once converted into the corresponding BT DF values through Equation (1), the simulated fluxes detected in each discretization sector data can be compared to the experimental BT DF values. Both measured and calculated BT DF s being assessed inside given angular areas around the associated couples (θ 2 , φ 2 ), they depend on the angular grid intervals ∆θ 2 and ∆φ 2 . Indeed, they represent average values of BT DF s inside these areas, and provide a continuous -thus complete -investigation of the transmitted light distribution, unlike point-per-point data that provide BT DF values along specific directions (θ 2 , φ 2 ).
In order to point out differences between real and virtual values with high accuracy, two-dimensional plots for varying altitudes φ 2 and along given azimuths 
Error estimation
A detailed analysis of the uncertainties due to the different CCD camera calibration stages, the additional corrections and data processing procedures as well as the spatial adjustment of the facility components was conducted in M.
Andersen (2004); their relative impact on the final BT DF values was found to be equal to 10%, which is expressed by the error bars associated with the "BT DF meas " curves in Figures 9 and 10.
As far as the accuracy of the model results is concerned, it was estimated by adding the statistical error due to the number of traced rays to the sensitivity of the model to its exact parameters.
Ray-tracing calculations accuracy
The statistical error can be assessed using the theory of sampling: the probability of obtaining a result P with less than a given error ς and with a determined confidence C is related to the size of the sample (i.e. the number of rays N R )
by Equation (2):
P is the normalized emerging light flux reaching each averaging sector. Admitting a confidence level of 95% and tracing 200,000 rays per incident direction, we obtain a statistical error comprised between 4% and 0.5%: its exact value depends on the simulation model threshold (0.001 for the venetian blinds) and the emerging direction (the lower the value, the greater the error). An statistical error ς of 1% was thus considered.
The performance of the chosen software TracePro was verified by comparing achieved BT DF data with results obtained with the validated Radiance programme for a laser cut panel.
For this purpose, it was modeled in both simulation programs with the same geometrical characteristics (P.J. Greenup et al., 2000) and using the same simplification hypotheses, in particular a null diffuse component on the parallel cuts. This hypothesis actually revealed a too strong approximation compared to reality, but allowed consistent results from one program to the other. terms: a strong confidence in the accuracy of the ray-tracing program was brought as a consequence.
Model sensitivity study
The relative error associated to the venetian blind's model was assessed by modifying slightly certain simulation parameters and examining how these changes affected the BT DF data, as the model can only approximately describe a physical -thus imperfect -venetian blind:
• small difference in the slats tilt (3 • anticlockwise when seen from φ i = 0 • , each slat being hence shifted 0.6 mm to keep the interface at the same position);
• half a period slats position shift (37 mm further down);
• variation of the curvature radius (±1.8 cm, the slats width being fixed);
• neutral mirror coating (constant reflectance of 83.7% over the spectrum, no diffuse component);
• neutral paint coating (constant reflectance of 28.6% over the spectrum, no specular component); this last parameter only affected the results significantly for the incident direction (θ 1 , φ 1 ) = (40
As mentioned in section 2.1, the edges of the venetian blind's slats were rounded in the simulation model, to be as close as possible to the physical prototype and to avoid aberrant ray paths. Nonetheless, sharp edges were proven to be of negligible influence on the BT DF results.
A different simulation model was created for each parameter, the modifica- In this study, the data corresponding to direct transmission peaks were separated from those corresponding to light transmitted after reflection on the mirrored side of the slats, so that errors could be associated individually to each of them. The (40 • , 270
• ) incidence was analyzed apart from the others, in order to assess the effect of the paint coating specifications when the diffuse transmission becomes significant compared to the other components.
The relative differences on BT DF s generated by these modifications were gathered by parameter and averaged over the incident and transmitted directions. This led to relative inaccuracies of 14%, 5%, 4% and 0.3% for the regular peaks and 22%, 8%, 33% and 19% for the mirror reflected peaks, respectively associated to the slats tilt angle, position and curving radius and mirror coating's specifications. The paint coating parameter's effect was estimated to 58%, which shows how sensitive low BT DF s were to even slight model differences.
In the end, global errors of 16%, 45% and 58% were obtained respectively for regular, mirror and paint reflected transmission from calculating the Root Sum Square (RSS) of the relative individual errors, including those due to the limits of the model (M. Andersen et al., 2003) : threshold (∼1% error), number of emitted rays (∼1%), discrete source spectrum (∼2%).
Their large values show that the model's adequacy to provide a copy of the physical blind could rapidly be lowered with a slightly inappropriate choice of simulation parameters, or with flawed or irregularly manufactured slats.
However, as shown by the close agreement between the "BT DF meas " and "BT DF sim " curves for nearly all the studied situations in Figures 9 and 10 , the blind's model can be considered as very satisfactory to conduct a reliable assessment of transmission performances on the basis of on ray-tracing simulations.
These relative errors are to be added to the statistical uncertainty associated to the number of traced rays. The resulting error bars are represented on
Figures 9 to 10 and associated to "BT DF sim " curves.
Conclusion
The work presented in this paper is a further step in the appraisal of BT DF determination methods, based on comparisons between goniophotometric measurements and ray-tracing simulation results.
In M. Andersen et al. (2003) , prismatic panels of standard refractive indices given by Fresnel laws were chosen to assess this roundabout approach in BT DF validation. Here, more complex systems were chosen, both from the geometrical and the materials points of view: virtual copies of the slats were created taking the dimensions and spatial arrangement of the manufacturer's prototype into account, and the reflective properties of their coatings, mirror on the upper side, stone grey mat paint on the lower side, were determined experimentally with a spectrophotometer and implemented in the model. 
